The role of dietary carbohydrates in the development of obesity and associated metabolic dysfunction has recently been questioned. Within the last decade, the Scientific Advisory Committee on Nutrition carried out a comprehensive evaluation of the role of dietary carbohydrates in human health. The current review aims to complement and extend this report by providing specific consideration of the effects of the component parts of energy balance, their interactions, and their culmination on energy storage and health. PubMed was searched for all published trials that had a minimum follow-up period of 3 months and were designed to manipulate dietary carbohydrate intake, irrespective of resultant differences in absolute carbohydrate dose (grams per day). Dietary carbohydrate manipulation has little effect on the individual components of energy balance that have been assessed. However, the role of dietary carbohydrates in influencing physical activity has yet to be assessed using gold-standard measurement tools. Moreover, adherence to a diet of modified carbohydrate content has not been found to result in a consistent pattern of changes in weight or indirect measures of metabolic health. However, certain markers of cardiovascular disease risk (ie, blood triglycerides and high-density lipoprotein cholesterol) may respond positively to a reduction in dietary carbohydrates.
INTRODUCTION
The majority of humans today are overweight or obese. 1 Any long-term shift in body mass necessarily reflects an imbalance between the energy entering and exiting the bodily system, which is relevant given that the individual components of the energy balance equation (ie, excessive energy intake and/or sedentary behavior) and the consequence of a positive energy balance (ie, adiposity) are both independent risk factors for insulin resistance and associated cardiovascular disease. [2] [3] [4] It is, therefore, clear that energy imbalance is the source of much chronic disease, with the links between obesity, diabetes, and cardiovascular disease representing the single greatest challenge to public health for current generations. 5, 6 Recent estimations project that the number of people suffering from diabetes worldwide is likely to exceed 300 million by 2025, equating to an increase of almost 100% from the estimated number of cases at the turn of this century. 7 The current prediction for the United Kingdom appears to be typical of this global pandemic, with incidence rates expected to double to more than 3 million diagnosed cases within the next decade alone. 8 It is, therefore, clear that, in the absence of intervention, the increasing prevalence of obesity will result in a concomitant escalation in the occurrence of associated negative health outcomes.
Based upon the above reasoning, however, it is also clear that the negative health implications of excessive body mass can be logically rectified by interventions that increase energy expenditure and/or decrease energy intake. Indeed, the simple resolution to expend more energy than is consumed holds the capacity to improve health both directly and indirectly via the inevitable reduction in body (fat) mass; yet the practical application of this knowledge to achieve weight loss is dependent on the assumption that conscious modification of one aspect of behavior to favor net negative energy balance will not simply elicit a compensatory adjustment in another component of the energy balance equation. Furthermore, it is important to note that, even when energy balance is similar, energy flux influences metabolic health. 9 Unfortunately, the current scale of the obesity epidemic in modern societies is testament to the fact that energy balance and, thus, body mass are not so easily regulated at a conscious level of control for the majority of humans.
Traditional interventions designed to facilitate weight loss have typically focused on the energy intake side of the energy balance equation (ie, diet) and, more specifically, have tended to involve merely consuming a smaller quantity of food (ie, calorie counting/restriction). From an evolutionary perspective, it is understandable why this approach would be ineffective on a population scale;-humans have highly evolved mechanisms to defend against negative energy balance, such that an accumulation of excess body fat is an entirely natural response within the context of an abundant supply of readily available food. 10 Consequently, more recent dietary health promotion strategies have instead placed emphasis on adjusting the type and composition of foods included in the diet. Although modern research has explored almost all nutrients in this regard (now extending to micronutrient and trace minerals), no consensus exists, even in relation to the macronutrients that constitute the largest portion of human diets and, alongside altered energy expenditure, contribute toward any energy imbalance. Recent work by Hall et al. 11 provides proof of principle that (calorie for calorie) dietary fat restriction results in greater fat loss. However, the equivocal nature of current evidence in this area is illustrated by recent articles calling into question the conventional wisdom that dietary fats (particularly saturated fats) are causal factors in the development of type 2 diabetes and cardiovascular disease. 12, 13 Alongside the apparent realization that dietary fat may not necessarily be detrimental to health under all circumstances, a renewed focus on dietary carbohydrates has consequently resulted in a paradigm shift regarding the roles of both fat and carbohydrates in the diet.
Despite growing public perception that humans may consume excessive quantities of certain types of carbohydrates and recent public health policies to reduce carbohydrate/sugar intake, the scientific evidence to date remains far from conclusive as to whether dietary carbohydrates are a causal factor in the current obesity epidemic and, therefore, whether restricting carbohydrate intake is a valid solution. There is no universally accepted threshold for what constitutes a "high-" or "low-" carbohydrate diet, and understandably so because individual requirements can vary hugely. Nonetheless, the habitual carbohydrate intake in most studies in this review is typically 200 g/day or more, whereas the magnitude of carbohydrate restriction varies greatly among studies, with the more severe regimens limiting carbohydrate intake to 100 g/day (Table S1 in the Supporting Information online). The equivocal nature of extant data on this topic is evident in the wholly contradictory conclusions reached by 2 recent systematic reviews into the effects of reduced carbohydrate diets on body mass and associated health outcomes: Naude et al. 14 More recently, reviews have been published relative to obesity 16 and diabetes, 17 with the former perspective informing data simulations for modeling long-term implications of adjusted carbohydrates on body mass. Although less recent than the above reviews, one of the most comprehensive evaluations of the role of dietary carbohydrates in human health was the much-needed report by the Scientific Advisory Committee on Nutrition (SACN) for the United Kingdom government. 18 This report incorporated specific consideration of the effects of various types of carbohydrates (eg, total intake, various sugars, fiber) on a broad range of health outcomes (eg, obesity, type 2 diabetes, cardiovascular disease, stroke, colorectal health, oral health) and across different populations (ie, adults, children and adolescents).
The purpose of the review presented here is to complement and extend the SACN report, primarily by performing an updated literature search to include any relevant trials completed in the 8 years since completion of the systematic reviews considered by SACN. This is a timely and emerging area of investigation, so it is unsurprising that 40% (n ¼ 26/61) of the papers meeting the inclusion criteria for this review were published after the December 2009 cutoff date for inclusion in the SACN report.
Moreover, this current review takes a mechanistic approach based upon the rationale set out earlier and illustrated in Figure 1 -that the concept of energy balance is an appropriate framework from which to understand and interpret solutions to obesity-related problems.
19 Therefore, this review not only considers whole-body manifestations of net energy balance (ie, chronic changes in body/fat mass) but also specifically considers the individual components of energy balance that independently contribute toward adiposity, metabolic (dys)regulation, and cardiovascular health.
LITERATURE SEARCH STRATEGY
The intention of this review is to update the literature search informing the SACN report. Thus, it is logical to apply the same inclusion and exclusion criteria specified by SACN wherever possible. 18 Notably, one key deviation from the SACN criteria stems from the additional focus in the current review on the initial responses of individual components of energy balance, which act as mechanisms that culminate in longer-term changes in body/fat mass and health. Therefore, whereas the SACN report included trials with follow-up periods of at least 1 year, the present review requires sensitivity to more immediate responses, so it includes all trials with follow-up of 3 months of more on energy balance and related health outcomes. In particular, the role of physical activity energy expenditure is central to this review, both in response to modified carbohydrate intake and in mediating the response of other outcomes to modified carbohydrate intake. Critically, this behavioral variable can respond rapidly after only weeks of dietary intervention, 20 so it is essential to include the few recent trials that have begun to report differences in physical activity levels between treatment groups. Considering the mechanistic approach of the current review, focused and selective criteria were necessary. Specifically, case-control, cross-sectional, ecological, and cohort studies were excluded on the basis that such study designs are not applicable when attempting to understand the mechanisms through which a dietary intervention culminates in energy imbalance and associated health outcomes. Hence, the current review focuses exclusively on randomized controlled trials to examine cause-and-effect relationships. This process-driven, mechanistic understanding also requires that results be considered only for individuals who actually received and completed a specified intervention. Accordingly, the data extracted from relevant papers is based upon the completers-only analysis rather than an intention-to-treat basis.
The literature search sought published trials designed to manipulate dietary carbohydrate intake, irrespective of resultant differences in absolute daily carbohydrate dose (ie, g/d), as well as studies that adjusted the proportion of daily carbohydrates relative to other macronutrients. This includes all forms of carbohydrates (eg, starch, sugars, fibers), although the primary analysis considers responses to modified carbohydrate intake, before considering, where relevant, whether any inconsistencies between trials can be explained by the specific type of carbohydrate manipulated in the diet (ie, simple sugar in particular). The outcome measures extracted from these trials includes all individual components of energy balance and their culmination in energy storage (ie, body mass and composition), whereas health outcomes are limited to those measurements directly related to obesity-associated metabolic and cardiovascular disease (ie, systemic metabolites indicative of metabolic dysregulation and/or cardiovascular disease risk) (Table S1 in the Supporting Information online). The wider health concerns that were considered by SACN (eg, colorectal and oral health) are, therefore, beyond the scope of this review. Whereas the laws of thermodynamics (ie, the energy surplus/deficit associated with a given imbalance) apply equally to all organisms, the regulation of many individual components of energy balance (both metabolic and behavioral) can be expected to differ substantially between adults and children/adolescents. For example, any consideration of how a dietary intervention might impact self-selected food choices and/or participation in physical activity assumes that these behaviors are self-determined, which may not be the case for minors whose daily meals/activities are often prescribed to a great extent by their parents/guardians. The focus on behavioral compensation therefore dictates that the literature search be restricted only to those trials conducted in adult populations. For the same reasons, this review focuses exclusively on human data. Beyond these defined limits, this review is broad and inclusive of both sexes, all ages 18 years and above, all levels of adiposity, and both healthy populations and those with established disease states (eg, type 2 diabetes).
Lastly, as noted earlier, the systematic reviews conducted by SACN in relation to cardio-metabolic health included comprehensive literature searches of all evidence linking dietary carbohydrates to body mass, adiposity, energy intake, metabolic dysregulation, and cardiovascular disease up to December 2009, with a brief "update search" applied before submission for consultation in January 2010. For the current review, PubMed was used to identify pertinent literature published since that time, as well as earlier literature on those areas outlined above that were excluded from SACN (eg, shorter trials, interactions with physical activity). Only full articles published in scientific peerreviewed journals met the inclusion criteria.
EFFECT OF DIETARY CARBOHYDRATES ON ENERGY INTAKE
Energy density of ingested foods (macronutrient profile)
Many complexities exist when attempting to collectively consider diets broadly defined as having manipulated dietary carbohydrate content. For example, a majority of trials have directly prescribed (or at least generally advocated) restriction of dietary carbohydrates per se but have typically then also encouraged replacing the reduction in energy intake from carbohydrates with increased fat and/or protein intake (occasionally with specified sources of fats, eg, oils/nuts). Conversely, other studies have prescribed a reduction in fat and/or protein intake but encouraged replacement of the reduction in energy intake from these macronutrients with increased carbohydrate intake, commonly in the form of grains, fruits, and vegetables, but in 2 cases with specific simple versus complex carbohydrates. 21, 22 The strength of both of these designs (ie, replacing carbohydrates with fat/protein and vice versa) is that treatment arms can (potentially) be isocaloric, such that differences in overall energy intake do not confound interpretation. However, in each scenario, although the relative proportion of carbohydrate in the diet (ie, percent energy intake) is almost always successfully shifted in the intended direction, any subsequent effects cannot then be attributed to the adjusted proportion of energy from carbohydrates any more than they can to the necessarily inverse change in the proportion of energy from fat or protein.
Moreover, as addressed below, a large number of trials have demonstrated that participants have difficulty either restricting carbohydrates to a very low level and/or replacing any restricted macronutrient with the supposedly healthier alternatives identified above (eg, oils, nuts, grains, fruits, and vegetables). As a consequence, many trials that are commonly cited as examples of dietary carbohydrate content being manipulated between treatments, in fact, either provided very similar absolute quantities (ie, g/d) of carbohydrates to both treatment groups and/or did not successfully match energy intake due to incomplete replacement of restricted carbohydrates with the specified sources of fat or protein.
Notably, beyond the basic substitution of one macronutrient for another of differing energy density, 2 studies specifically investigated exchanging fat for specific simple/complex carbohydrates, 21, 22 and just 1 directly supplemented an otherwise matched diet specifically with glucose/maltodextrin. 23 The latter trial is unique in that the carbohydrate was added to the diet without replacing other nutrients; it, therefore, provides a model in which both absolute and relative carbohydrate intakes, along with energy intake, were directly increased. In contrast, a minority of studies examined a prescribed increase in consumption of carbohydrates in general, although always within the context of the added carbohydrate replacing some fat [24] [25] [26] [27] [28] or protein. 29 
Quantity of food ingested
The above summary acknowledges that it is impossible to standardize all variables within a single trial, with any modification of carbohydrate intake necessarily confounded by simultaneous adjustment of energy intake or of whatever macronutrient is used to maintain isocaloric diets. However, the most ecologically valid model involves examining whether and how a modified carbohydrate intake is naturally compensated for under freeliving conditions. Although some trials included in this review successfully prescribed isocaloric diets, 30-40 the vast majority allowed this natural compensation to occur and are considered below.
Before considering the effect of overall carbohydrate intake (ie, in any form) on energy intake based on the trials included in this review, it is noteworthy that the SACN report specific to energy intake (ie, Chapter 6) also stratified this analysis to consider individual forms of carbohydrates separately (eg, sugars, fibers, and starches). That analysis required inclusion of many shorter trials than meet the inclusion criteria for the present review and concluded that higher intake of dietary sugar, in particular, does not effectively reduce intake of other foods such that it causes increased energy intake. 18 This interpretation was based upon the results of 7 randomized controlled trials in which the dietary content of "simple carbohydrates" (mostly sugar in the form of sucrose) was successfully manipulated for periods of approximately 1 month, 41, 42 less than 2 months, 43, 44 less than 3 months, 45 or 6 months. 21, 22 Only the latter 2 met the inclusion criteria for the present review. Nonetheless, it is interesting to note that the SACN review of ad libitum energy intake in response to overall carbohydrate intake (ie, irrespective of source) determined that data remain inconclusive, largely due to the inconsistent nature of dietary manipulation between trials (in particular, whether and how carbohydrates are replaced with fat and/or protein).
In general, interpretation of the trials included in the present updated review is consistent with this inconclusive interpretation. Notwithstanding the inconsistencies between trials in terms of the precise nature of intervention, if these trials are broadly categorized into those that successfully restricted or supplemented dietary carbohydrates, no clear compensatory effect on energy intake is apparent. For example, of the 23 studies that effectively restricted carbohydrate intake and then measured the net effect on energy intake, 6 found lower energy intake when carbohydrates were restricted, [46] [47] [48] [49] [50] [51] 4 found higher energy intake when carbohydrates were restricted, [52] [53] [54] [55] and the remaining 13 found no difference in energy intake irrespective of carbohydrate restriction. [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] In terms of the far fewer trials that supplemented with additional dietary carbohydrate and then measured ad libitum energy intake, 2 revealed reduced energy intake when complex carbohydrates were added but no effect when simple carbohydrates were added 21, 22 ; the latter response was consistent with one other study that added carbohydrate in the form of fruit, grains, and vegetables. 28 In contrast, 2 other studies indicated that adding carbohydrates to the diet can increase energy intake. 23, 29 However, as noted earlier, one of these studies supplemented glucose/ maltodextrin, in particular, as opposed to carbohydrates in general 23 and the other was also unique in that the carbohydrate was added at the expense of protein alone, with fat intake matched. 29 It is, therefore, not possible to draw any meaningful conclusions across a balance of similar studies regarding the effect of added dietary carbohydrate on energy intake, and carbohydrate restriction trials have generated entirely equivocal results to date with no clear factor to explain these inconsistent findings.
One final issue that deserves consideration in terms of the effects of restricted carbohydrate diets on energy intake is adherence to the prescribed elements of the dietary regimen. In particular, the general pattern across the studies in this review indicates that adherence to the carbohydrate-restricted diets was poor, either in terms of the specifically reported rates of completion or in terms of the achieved daily carbohydrate dose relative to the target values. This is relevant; first, because the "dose" values given in Table 1 and in Tables S1 and S2 in the Supporting Information available online reflect an average of the progressively less restrictive diet over the entire intervention period. Second, if a large proportion of participants are reporting poor compliance with the prescribed dietary intervention, this brings the validity of the energy intake values derived from their dietary records into question. Nonetheless, it is worth noting that the approach adopted in this review considers completers-only analyses, consistent with the objective of examining the efficacy and mechanisms of actually restricting dietary carbohydrates. Of course, given that adherence understandably appears to be negatively associated with the severity of carbohydrate restriction, it is likely that an intention-to-treat analysis would reveal the effectiveness of a mere prescription to reduce carbohydrate intake to be less marked than the efficacy of actually doing so.
EFFECT OF DIETARY CARBOHYDRATE ON ENERGY EXPENDITURE Basal metabolic rate
The rate at which energy is expended under basal conditions is determined by the energy required to maintain the integrated body systems in a fasted and rested state, 69 so it is tightly coupled to the relative mass of the tissues comprising those systems. 70 This component of energy expenditure is therefore highly predictable and relatively stable, yet there are 2 possible mechanisms through which manipulation of dietary carbohydrates could impact basal/resting metabolic rate: (1) through direct long-term changes in body/tissue mass and/ or (2) through adaptive thermogenesis, whereby the relationship between tissue mass and metabolic requirements is adjusted. In relation to the former mechanism, an alteration in metabolic rate would be expected in response to changes in body mass. However, this is unlikely to represent a major factor in explaining any potential effects of modified carbohydrate intake on energy balance and health for several reasons. Primarily, the literature reviewed in this section indicated that changes in total body mass in response to modified carbohydrate intake are highly inconsistent and small at best. Moreover, those trials that included measures of body composition (eg, dual-energy X-ray absorptiometry [DEXA] or bioelectrical impedence analysis [BIA]) indicated that even these minor shifts in total body mass were largely driven by changes in adipose tissue mass, which would have less impact on metabolic rate than changes in lean mass. 27, 29, 31, 32, 38, 46, 56, 62, 65, 71 Notably, this potential impact of dietary carbohydrates on energy balance is necessarily a secondary negative feedback response to a larger net effect on energy balance in the opposite direction (eg, energy balance must already be negative to reduce body mass and, thus, elicit a reduced resting metabolic rate).
Similarly, adaptive thermogenesis can also be expected to play a very minor mediating role in dictating changes in energy balance in response to altered dietary carbohydrate intake. Specifically, although recent studies have clearly demonstrated adaptive thermogenesis in response to sustained and substantial caloric restriction that results in weight loss, 72 the minimal changes in body mass with carbohydrate restriction alone render it unlikely that this is a major factor driving net changes in energy balance.
Diet-induced thermogenesis
The necessary increase in energy expenditure during the postprandial period is dictated by the energy required to digest, absorb, and metabolize ingested nutrients and, therefore, broadly varies depending on which nutrients are ingested and their metabolic fate. 69 For example, energy expended via diet-induced thermogenesis can be expected to approximate 5%-15% of energy intake from a mixed diet typical of modern Western societies, with most variance due to differences in the specific thermic effect of each macronutrient (ie, carbohydrate ¼ 5%-10%; protein ¼ 20%-30%; fat ¼ 0%-3%; and alcohol ¼ 10%-30%). 73 It is, therefore, immediately apparent that manipulating the carbohydrate content of the diet can directly impact energy expenditure via diet-induced thermogenesis, especially if energy intake is maintained by substitution with any other macronutrient.
Few studies have been specifically designed to examine the response of diet-induced thermogenesis to modified carbohydrate intake, possibly because effects can be expected, to a large extent, to be small and predictable. Nonetheless, this expectation is supported by a recent secondary analysis of a trial previously included in the SACN report, 45 in which diet-induced thermogenesis was measured in a subpopulation of participants using a metabolic chamber. 74 Importantly, the absence of any effect on diet-induced thermogenesis was apparent in that study despite the fact that the treatment groups contrasted noncaloric artificial sweeteners (ie, no thermic effect) with sucrose (one of the most thermogenic forms of carbohydrate). 75, 76 This example, therefore, isolated the maximal effect of carbohydrates on diet-induced thermogenesis and concluded no effect. More recently, Martens et al. 39 observed a higher diet-induced thermogenesis (DIT) in a high-protein, low-carbohydrate diet in comparison with a high-carbohydrate, low-protein diet. However, because of matching fat intake between groups, this is most likely due to differences in protein intake. Therefore, it is unlikely that greater effects would be seen by supplementing with alternative carbohydrate sources or by restricting carbohydrates in general while standardizing energy intake through the addition of other macronutrients.
Physical activity thermogenesis
The energy expended above rest (ie, beyond basal metabolic rate plus diet-induced thermogenesis) incorporates the sum of all metabolic costs involved in exerting physical forces on the environment, typically (but not necessarily) culminating in bodily movements. This, therefore, includes not only physical exercise but also all other less-structured, more spontaneous lifestyle activities that elevate metabolic rate. 77 Despite representing the most malleable component of energy expenditure, physical activity thermogenesis has also received the least research attention when evaluating the efficacy of dietary interventions in general (Table 1 28, 31, 37, 39, 40, 50, [53] [54] [55] 59, 60, 62, 68, [78] [79] [80] [81] [82] ), possibly due to past and ongoing challenges in the accurate measurement of this variable. 83 Of the 61 trials included in this review that involved carbohydrate manipulation, 42 (69%) did not provide any data regarding changes in physical activity in response to the intervention. Of the 19 that did measure this response, 15 merely used various methods of self-reported physical activity or sports/exercise records. 28, 31, 50, [53] [54] [55] 59, 60, 64, [78] [79] [80] [81] The fact that no clear effect was apparent across these trials is understandable given the established poor sensitivity of self-reported activity records and the fact that they only measure a specific component of overall physical activity energy expenditure (typically only walking and/or structured exercise/sport). Nonetheless, 2 of these studies did find a consistent trend across multiple assessment points and for separately reported "walking" vs "sports," indicative of an increase in self-reported physical activity levels in response to a higher-carbohydrate diet, 79, 80 with no studies showing even a tendency for results in the opposite direction. Interestingly, another of these studies that used self-reported physical activity as an outcome measure noted that, although physical activity did not respond to treatment, it did predict compliance with that treatment. 60 Of the 3 recent trials that used more direct and objective methods of monitoring physical activity levels, 1 used a pedometer (step counter) 82 and the other 2 used accelerometers (movement counters). 37, 62 By definition, the former method only measures 1 component of physical activity (ie, locomotion by walking/running), and, although overall step counts did not differ between apparently high vs low carbohydrate treatments (insufficient data were reported to determine actual carbohydrate intakes), a greater proportion of participants achieved the 8000 steps/d or more physical activity target when assigned to the "higher" carbohydrate diet. 82 Neither of the latter trials that used accelerometers (ActiGraph, Pensacola, Florida) detected any effect of dietary carbohydrate content on physical activity levels, although both prescribed relatively intensive (eg, 30 min Â 5 d/wk) walking and exercise interventions to overweight/obese, previously sedentary study cohorts, 37, 62 so it is possible these interventions could artificially mask any natural response in spontaneous lifestyle activities. Based upon all of the above limitations, there have been recent calls for more advanced real-time monitoring than is possible using pedometers or accelerometers; in particular, combined heart rate/ accelerometry (eg, ActiHeart) has been recommended to improve the accuracy of physical activity monitoring. 83 Such techniques would also provide insight as to whether and how diets of varied carbohydrate/sugar content can impact the pattern of daily physical activities (eg, intensity, duration, frequency, time of day). 20 The interaction of dietary carbohydrates and physical activity may hold particular physiological significance. Although a diet high in carbohydrates would logically lead to increased glycogen storage, 84 subsequent saturation of liver and muscle glycogen reduces fat oxidation, and continued high-carbohydrate intake results in conversion of excess carbohydrates into fatty acids via de novo lipogenesis, resulting in elevated plasma triacylglycerol (TAG) through increased very-low-density lipoprotein cholesterol production and reduced TAG clearance. 85, 86 However, this has been shown to occur only in sedentary conditions; physical activity prevents the increases in plasma TAG seen with high carbohydrate intake 87 and fructose overfeeding, independent of energy balance. 88 Additionally, exercise-trained individuals have a greater capacity to store glycogen when compared with untrained individuals. 89 Therefore, not only does exercise increase the disposal of excess dietary carbohydrates through oxidation and facilitate greater energy flux, subsequent adaptations also allow for more of a surplus of carbohydrates to be safely stored as glycogen rather than converted into lipids. Presently, no clear mechanism is supported to explain why modified dietary carbohydrate intake might alter spontaneous physical activity levels. One explanation might be that a more abundant supply of readily available metabolic substrate in the form of glucose and/or glycogen both stimulates and fuels higher levels of movement. Consistent with this hypothesis, complete restriction of carbohydrates during the morning via extended fasting has resulted in less energy being voluntarily expended through low-intensity physical activities, concomitant with lower average blood glucose values.
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EFFECT OF DIETARY CARBOHYDRATES ON NET ENERGY BALANCE AND ADIPOSITY
The culmination of all of the above individual components of energy balance results in long-term changes in body mass. Adipose tissue (body fat) is, by far, the major site of long-term energy storage in humans, such that any chronic energy imbalance is closely correlated with fat balance. 92 This section therefore considers both the total change in mass and the change in fat mass (adiposity) that can result from net energy imbalance given that the contributing components of energy balance and these specific outcomes are independent predictors of the health outcomes reviewed below. [2] [3] [4] In terms of overall change in body mass, of the 61 studies included in this review, 32 found no change in body mass with randomization to higher or lower carbohydrate diets 23 21, 22, 28, 54, 80, [103] [104] [105] ; and 2 did not provide any body mass data. 26, 27 It should be noted, however, that some of the studies that found a higher carbohydrate diet resulted in higher body weight after either 3 101 or 6 months 29, 99 then went on to include a further follow-up at 12 months and found that the difference between treatment groups was not sustained. Interestingly, this similar pattern of weight change occurred in these trials despite marked differences in how dietary carbohydrates were manipulated, varying from carbohydrate supplementation (total daily carbohydrate intake up to %380 g/d) 29 to modest 101 and severe 99 carbohydrate restriction (total carbohydrate intake %20-135 g/d). Contrary to the above point, one consistent feature in the literature that may partly explain these seemingly equivocal responses in terms of change in body mass is the extent of carbohydrate manipulation between trials. Specifically, common to all 8 of the trials that found a higher carbohydrate diet resulted in lower body mass is that absolute carbohydrate intake actually remained relatively high (ie, >180 g/d) and was not dissimilar between the "high" and "low" carbohydrate treatments. Furthermore, and potentially most important, energy intake in these studies was lower in the "high" carbohydrate group. In contrast, the 19 trials that showed relative weight loss with lower carbohydrate intake restricted dietary carbohydrates much more severely, typically to 100 g/day or less and often much less. Interestingly, among these trials that did achieve effects on weight loss by more markedly manipulating/restricting carbohydrate intake, the changes in body mass cannot be consistently explained by energy intake (ie, only in 4 of these trials did the lower carbohydrate diet also result in lower energy intake, 9, [46] [47] [48] 50, 102 with the majority finding no difference in energy intake between treatments, 30, 38, 39, 55, 56, 59, 60, 63, 64, [66] [67] [68] 98 and 1 even finding weight loss with the lower carbohydrate diet when it provided more total energy). 53 However, the majority of studies used food diaries to assess energy intake; it is, thus, possible that many of these studies may simply have failed to detect differences in reported energy intake given that the measurement tools available to quantify that variable are far less reliable than for the change in body mass. 106 Despite not matching the inclusion criteria for the current review, recent studies by Hall et al. 11, 107 are relevant to the wider discussion with regards to changes in body mass following dietary carbohydrate manipulation. Both recent studies from this group provide proof of principle that, when diets are matched for calories, restriction of dietary fat leads to greater reductions in body mass.
In summary, modest adjustments in overall dietary carbohydrate content between moderate and high absolute dosages (ie, %180-380 g/d) do not consistently impact long-term changes in total body mass, whereas more severe restriction of dietary carbohydrate content (ie, 100 g/d) does have the capacity to favor a lower total body mass.
Far fewer studies have included the necessary measurements to quantify specific changes in energy storage as fat (ie, adiposity). Nonetheless, of the 13 that used either DEXA, 27, 29, 31, 32, 38, 40, 56, 62, 65 BIA, 22, 46, 66 or air displacement plethysmography, 98 7 found greater fat mass with the higher carbohydrate diet, 27, 29, 38, 46, 56, 62, 66 whereas 5 found no effect. 31, 32, 40, 65, 98 These latter 5 trials all prescribed either isocaloric diets to both groups 31, 32, 40 or energy intake was at least similar between treatments, but this factor alone does not distinguish these trials from others that did observe an effect on adiposity. 27, 38, 56, 62, 66 The remaining trial that measured adiposity found greater reductions in body fatness when higher carbohydrate diets were consumed relative to a typical (still relatively high in carbohydrate) control diet. 22 A particularly novel aspect of this study was that energy intake was lower and both total mass and fat mass were more greatly reduced when dietary fat was replaced with simple carbohydrates, albeit to a lesser extent than when dietary fat was replaced with complex carbohydrates.
Overall, the data available in relation to dietary carbohydrates and adiposity are inconsistent, but most evidence indicates greater adiposity in response to higher carbohydrate diets. However, no consistent methodological feature is apparent to account for why some studies have detected this effect and others have not.
HEALTH OUTCOMES ASSOCIATED WITH ENERGY/ CARBOHYDRATE SURPLUS
In the absence of any clear effect of modified carbohydrate intake on net energy balance (ie, body/fat mass), it is less likely that health outcomes associated with energy imbalance will respond consistently to differences in dietary carbohydrate intake-although that is still a possibility. However, trials that more severely restrict the absolute dose of dietary carbohydrates have tended to result in a more negative energy balance and consequent weight loss. In light of differences in carbohydrate intake, energy intake, and body/fat mass, it is considered here whether these factors are predictive of meaningful changes in relevant health outcomes.
Metabolic dysregulation
A wide range of parameters are available to indicate metabolic health, largely with reference to insulin sensitivity and glycemic control. The most common approach has been to measure blood glucose and/or insulin under fasted conditions, although some smaller-scale trials with the capacity for intensive laboratory testing have studied the response of these variables to feeding. Other indications that have occasionally been used in this area include glycated hemoglobin (HbA 1c ), continuously monitored subcutaneous glucose concentrations, and self-reported requirement for glycemic control medications. Notwithstanding the wide range of approaches used, the general pattern of the literature reflects the fact that the majority of trials found no effect of modified carbohydrate intake on fasting blood glucose and/ or insulin concentrations 23,29,31-34,36,37,39,40,46,52-57, 59,61,65,67,68,81,93,96,99,101 and HbA 1c . 47, 48, 50 This long list of studies includes a wide range of carbohydrate and energy intakes and also includes studies that did and did not observe changes in body mass and/or fat in response to the interventions in lean, overweight, and obese populations with or without type 2 diabetes. Among these studies, 3 recent trials found other variables that may point toward potential metabolic health benefits of a lower carbohydrate diet. Specifically, Saslow et al. 53 observed reduced HbA 1c in response to a carbohydrate-restricted diet, despite the fact that the energy intake was higher with that diet than with the control diet 53 ; in comparison, Tay et al. 37 and Mayer et al. 52 found that a carbohydraterestricted diet reduced 24-hour glucose variability and the requirement for glycemic control medications, respectively. Notably, all 3 of these trials involved a similar extent of carbohydrate restriction (ie, 57-76 vs 139-205 g/d), although each achieved this using different models of replacing macronutrients in the diet, controlling energy balance, and controlling changes in body mass. Similar to those 3 recent studies, others have also found reduced fasting glycemia and insulinemia with randomization to a lower carbohydrate diet for a period of 3-6 months. 25, 27, 35, 38, 50, 63, 100 Although 1 of these trials included a subsequent follow-up after 15 months and found no effect on these variables, 35 one longer-term study (ie, 24 mo) found that fasted glucose and insulin were lower after adherence to a reduced carbohydrate (ie, Atkins) diet (although this effect was specific to a subgroup of patients with type 2 diabetes). 64 However, these few studies must be balanced against examples of reduced fasting glucose (again specific to a subpopulation with type 2 diabetes) 26 and reduced fed-state glucose and insulin 105 in response to consumption of a higher carbohydrate diet for 4 26 and 60 months, 105 respectively. It is, therefore, clear that the extant literature regarding the effect of varied dietary carbohydrate content on glycemic control is entirely equivocal. The majority of trials suggest there is no systematic change in markers of insulin sensitivity or glycemic control even in response to relatively extreme manipulation of dietary carbohydrate content that impacts energy intake and body mass/composition.
Cardiovascular disease risk
Many trials designed to assess the health impacts of dietary carbohydrates have included systemic indices of cardiovascular disease risk as key health outcomes.
These measurements include blood lipid profiles (ie, triglycerides, nonesterified fatty acids, and the various fractions of cholesterol) along with C-reactive protein (CRP) as an indication of chronic low-grade systemic inflammation, thus contributing to the development of cardiovascular disease. 108 Critically, these parameters are highly responsive to changes in energy balance and adiposity in particular, 4 so understandably they can respond to step-wise increments in dietary carbohydrate content both due to the carbohydrate and secondary to any changes in mass. 12 Unlike the pattern of results presented in relation to metabolic dysregulation, blood lipids and proteins do not appear to respond uniformly to treatment. 29 or CRP. 46 However, even these studies that showed a rapid and sustained reduction in one or more parameters also observed other factors to be nonresponsive to treatment. Moreover, there are a large number of equally wellcontrolled trials that observed no effect of modified dietary carbohydrate intake on any of the indices of cardiovascular disease risk listed above. 23, 29, 30, 32, 33, 49, 52, 53, 56, 57, 61, 63, 65, 67, 68, 82, 93, 94, 96, 102 A minority of trials even found that a high-carbohydrate diet reduced certain blood lipids, most consistently LDL cholesterol, 62, 78, 79, 101, 103 but also, in 1 case, CRP. 101 There is no obvious methodological inconsistency between trials to account for why some studies have found certain risk factors for cardiovascular disease were responsive, whereas others have not (ie, the magnitude of carbohydrate restriction, energy imbalance, or weight loss does not correlate with these responses). What can be concluded, however, is that manipulating dietary carbohydrate content in favor of lower carbohydrate intake can positively impact some markers of cardiovascular disease; most commonly an increase in HDL cholesterol and rapid reduction in blood triglycerides is seen. However, due to methodological inconsistencies, it remains to be seen whether these responses require continued adherence to the relevant dietary regimen and can, therefore, be sustained in the long term. 35 Similarly, it must be considered whether such rapid modification of so few measures is a valid indication of reduced cardiovascular disease risk.
CONCLUSION
This review has considered the individual impacts of modified dietary carbohydrate intake on individual components of energy balance and their culmination in net energy surplus or deficit (as reflected by weight gain or loss, respectively) and how this may translate into associated health outcomes. Sixty-one randomized controlled trials met the inclusion criteria for this review. Although many of these were purportedly designed to investigate diets of modified carbohydrate intake, they, in fact, contrasted treatments that provide very similar or the same absolute dose of carbohydrate. This partly reflects differences in the approaches used to apply the specific intervention in each study, but it also illustrates the practical difficulty experienced by many in adhering to a diet that restricts access to carbohydrates. For similar reasons, it is concluded that dietary carbohydrates, per se, do not systematically drive energy intake in a given direction. This interpretation is consistent with the SACN report in relation to total carbohydrate intake. In contrast, whereas the SACN report concluded that specific sugars can favor a higher overall energy intake, that conclusion was based on a small number of studies that were too short term (ie, <3 mo follow-up) to meet the inclusion criteria for this review.
In terms of energy expenditure, neither basal metabolic rate nor diet-induced thermogenesis appear to respond meaningfully to modified dietary carbohydrate ingestion or contribute to any potential changes in health. This conclusion was based partly on the limited available data and also upon the limited contribution that either component can be realistically expected to make in this process. In contrast, physical activity thermogenesis can be expected to contribute the most variable component of total energy expenditure and possibly energy balance. However, very few studies have provided any measure of this variable, and not a single study has used currently recommended measurement tools to assess subtle changes in free-living energy expenditure with altered carbohydrate availability. Accurate quantification of physical activity patterns under free-living conditions promises to advance understanding in this field greatly and should be a priority in future studies examining dietary manipulation and obesity.
The response of individual components of energy balance to alterations in dietary carbohydrate intake were then considered in the context of changes in body mass and adiposity. When considering the balance of evidence across all studies in this review, there is no consistent pattern indicating predictable weight gain or loss when a diet of modified carbohydrate content in either direction is adhered to. However, if studies are stratified according to the extent of carbohydrate restriction, it appears that the more extreme carbohydrate restriction protocols (ie, 100 g/d) are relatively consistent in inducing reductions in body mass but that variance in carbohydrate intake around the normal range does not result in systematic weight loss or gain.
Finally, the effects of modified carbohydrate intake on energy balance need to be considered in relation to changes in health outcomes. Indirect estimates of metabolic health, such as insulin sensitivity and glycemic control, revealed no consistent effect of dietary carbohydrates on these variables, irrespective of the occurrence of body mass change. However, certain markers of cardiovascular disease risk (ie, blood triglycerides and HDL cholesterol) do appear to respond positively and relatively rapidly to a reduction in dietary carbohydrate intake across a range of absolute ingestion rates, although this effect was not consistent across all studies.
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